provide a highly significant detection of the E-mode polarization and reveal an angular power spectrum of polarized emission showing peaks and valleys that are shifted in phase by half a cycle relative to those of the total intensity spectrum, as predicted by theory. This key agreement between the phase of the observed polarization spectrum and that predicted based on the total intensity spectrum provides new support for the standard model of cosmology, in which dark matter and dark energy are the dominant constituents, the geometry is close to flat, and primordial density fluctuations are predominantly adiabatic with a matter power spectrum commensurate with inflationary cosmological models.
Introduction
In recent years a wide variety of observations have provided strong support for a "standard model" of cosmology and cosmic structure formation. In this model the spatial geometry is close to euclidean, and the bulk of the content of the universe is in non-baryonic "cold dark matter" (about 20%) and "dark energy" (about 75%) while only 5% is in the form of conventional "baryonic" matter. Small primordial adiabatic density perturbations with a scale-invariant spectrum arising from the era of inflation have been amplified by gravity in the expanding universe to create all the structures seen in the universe today. Observations of the angular fluctuations in the intensity of the cosmic microwave background radiation (CMB) have provided much of the evidence for this model and for the values of the fundamental parameters including curvature and the densities of the various constituents. Although the "standard model" is able to reproduce fine details of the CMB angular power spectrum, it is based on major constituents of the universe -the dark matter and dark energy -for which physics has no satisfactory explanation. These two problems present the most serious challenges to physics since the quantum and relativistic revolutions of a century ago. In view of its profound implications for fundamental physics, it is therefore vitally important to test all aspects of the theoretical model and to look for possible anomalies that might provide insights into the nature of these two dark components of the cosmos.
In the 1980s successively more stringent limits were placed on the observed level of temperature anisotropy in the CMB (1,2, e.g.), providing convincing evidence that the dominant matter constituent in the universe is non-baryonic and confirming one of the major predictions of theoretical cosmology (3) (4) (5) . These searches culminated in the detection of anisotropies by the COBE satellite (6) . Rapid advances in experimental techniques have since delineated the prominent features in the angular power spectrum (7) (8) (9) (10) (11) (12) . The spectrum of fluctuations on large angular scales (low multipole numbers, l < 500) has been measured with high precision by the Wilkinson Microwave Anisotropy Probe (WMAP) (13) . It is possible that the underlying assumption of scale invariance upon which the theory is based is not correct and for this reason independent checks of the theory based on different multipole ranges, are particularly important. This has motivated precise and sensitive CMB observations from the ground and balloonbased platforms which have extended the spectrum into the high-multipole range (l ≈ 3500) (14-18, e.g.) .
Observations of the CMB map the surface of last scattering at redshift z ∼ 1100 where the photonbaryon plasma decoupled and allowed photons to stream freely, and the CMB power spectrum is believed to be a signature of acoustic waves in the plasma (19, e.g.) . Thomson scattering of photons at the surface of last scattering gives rise to weak polarization of the CMB, and measurements of the polarization power spectra can provide additional tests and checks of the cosmological model (5, (20) (21) (22) . It is for this reason that experiments are starting to measure the CMB polarization power spectra.
Angular power spectra give the variance C l (usually expressed in terms of CMB temperature, and with units of µK 2 ) as a function of multipole number l (an inverse angular scale, with l ≈ 180 corresponding to an angular scale of 1 • ) (19, e.g.) . The intensity of polarized radiation can be expressed in the four Stokes parameters I, Q, U , and V . As Thomson scattering does not generate circular polarization, we ignore V . From the other parameters we can generate three power spectra T T , EE, and BB, where T is the total intensity and E and B are the curl-free and curl-like components of the linear polarization field (23, 24) , and also three cross-spectra T E, T B, and EB. Due to the parity properties of the T , E, and B signals, the only non-zero spectra should be T T , EE, BB, and T E. In inflation-inspired models where scalar density fluctuations induce the CMB perturbations, the B-modes should be much weaker than the E-modes. The search for primordial B-modes from gravity waves release during inflation is an important future direction for CMB astrophysics. Therefore, at our sensitivity levels, BB should be consistent with zero. Confirmation that BB is much smaller than EE provides an important check of the model and can also confirm that the measurements are uncontaminated by radiation from foreground sources such as the Galaxy.
The polarization spectrum of the CMB is more difficult to study than the total intensity spectrum because the fractional polarization of the CMB radiation is no more than 10%, and only recently have instruments been constructed with sufficient sensitivity to detect it. A number of experiments have placed upper limits on CMB polarization, but so far EE power has been reported only by the DASI experiment (with 6.3 σ significance) (25, 26) and the CAPMAP experiment (2.3 σ) (27) . T E cross-spectral power has been detected by DASI and by WMAP (28) .
The dominant source of the E mode is a quadrupole anisotropy caused by velocity effects in the acoustic waves at the surface of last scattering, and this introduces a shift of one-half cycle in phase between the maxima in the T T and EE spectra. This phase shift is a key feature of the standard model. It has been seen at large angular scales via the T E spectrum by WMAP (29) , but it has not yet been verified directly through EE or at the small angular scales corresponding to clusters of galaxies.
We report here observations made with the Cosmic Background Imager that have sufficient sensitivity and resolution to detect and measure the second and third peaks in the EE spectrum (30), determine the T T -to-EE phase shift, and thus further test the standard model.
The Cosmic Background Imager
The Cosmic Background Imager (CBI) (see Figure 1 ) has been making observations of the CMB from a site at 5000 m elevation on the Chajnantor plateau in the Chilean Andes since late 1999. A detailed description of the CBI is given by Padin et al. (31) and on the CBI web site (32) . It is a 13-element radio interferometer receiving radiation in ten 1-GHz frequency channels covering 26 GHz to 36 GHz. The individual antennas are 0.9 m in diameter, and the possible baselines range in length from 1.0 to 5.5 m. An interferometer baseline of length d is sensitive to multipoles l around 2πd/λ where λ is the observing wavelength. The CBI can thus measure the spectrum from l ∼ 300 to l ∼ 3500. The antennas are mounted on a platform with azimuth and elevation axes that allow all the antennas to track a point on the sky. The platform can also be rotated about the line of sight; this allows full sampling of all possible baseline orientations and facilitates calibration of the instrumental polarization effects.
Each antenna is sensitive to a single sense of circular polarization, right (R) or left (L). Co-polar baselines, RR or LL, are sensitive to Stokes I ± V ≈ I (assuming circular polarization is negligible) while cross-polar baselines, RL or LR, are sensitive to linear polarization, Stokes Q ± iU (33). It was thus straightforward to adapt the CBI to measure linear polarization by changing the sense of some of the antennas to maximize the number of cross-polar baselines. The same strategy was used in the DASI experiment to make polarization observations (25, 34) . CBI and DASI are sister projects and use the same design for several elements including the polarizers, receivers, correlator, and readout electronics, but CBI has larger antennas and longer baselines and thus has sensitivity at higher l than DASI. An important design goal for polarization observations is to limit the polarization impurity: if an antenna does not receive pure R or L polarization the linear polarization measurements will be corrupted by an admixture of total intensity I. The fraction of I that appears in the RL or LR visibility measurement is called the leakage. This is a complex number (amplitude and phase) that must be measured for each antenna.
Observations made in 2000 and 2001 have been used to measure the power spectrum of total intensity, T T , and the results have been published in a series of papers (17, (35) (36) (37) (38) (39) (40) . The polarization observations reported in this paper were made between September 2002 and May 2004. Earlier tests of the technique were made using a single cross-polarized antenna (41, 42) .
Observations
Modifications for polarization measurement The CBI was upgraded in 2002 to enhance its polarization capability. This involved replacement of the existing polarizers with new broadband achromatic polarizers, replacement of the HEMT amplifiers with new lower-noise amplifiers, and reconfiguration of the antennas into a more compact array.
The circular polarization mode (R or L) received by each antenna can be selected by rotating a quarter-wave plate in front of the low noise amplifier. The rotation is under computer control and the polarization in any antenna can be changed in < 5 s. The original CBI polarizers (quarter-wave plates), which were not rotatable under computer control, were replaced by achromatic DASI-style polarizers (34, 43) . The new polarizers reduced the leakages from ∼ 5-15% to ∼ 1-3%. The leakages are extremely stable, and typically exhibit changes of < 0.2% over periods of a few months.
In the first two years of operation of the CBI (2000 and 2001) we used sparse configurations of the antennas in order to cover a wide range of multipoles (300 < l < 3500). For the polarization observations we decided to concentrate on the multipole range 300-2000 in order to provide maximum sensitivity in the region where the CMB polarized EE signal is expected to be the greatest. For this reason we adopted the close-packed configuration shown in Figure 1 . This configuration provides the highest concentration of short baselines possible with the CBI. In this configuration the CBI is almost a perfect match to the l range of the expected maximum EE signal, making it a particularly powerful instrument for CMB polarization studies.
Fields The size of the CBI antennas sets the l resolution of observations made in a single pointing to ∆l ≈ 300. To obtain the higher resolution in l necessary to resolve the expected structure in the EE spectrum it is necessary to image a larger area by making a mosaic of overlapping pointings. As in the previous CBI observations, we observed a grid of pointings in four regions near the celestial equator separated by about 6 hours in right ascension and identified as the 02 h , 08 h , 14 h , and 20 h fields. These fields were centered on those we observed in 2000-2001. The field coordinates and extents are indicated in Figure 2 . In these observations, the separation of the pointings was 45 arcmin, twice that of the earlier observations, leading to modulation of the sensitivity across the field. For three of the fields we used 36 different pointing positions giving fields ≈ 5 • square, but for the 20 h field we divided the available integration time between 6 pointings in a row; these deeper observations should be more sensitive to any potential systematics.
The largest source of diffuse foreground contamination over the 26-36 GHz band is synchrotron radiation from the Galaxy. We chose the four CBI fields, which were constrained to be separated by about 6 hours in right ascension, so as to minimize this contamination, as shown in Figure 3 . Also shown in Figure 3 are the positions of the DASI polarization fields. The CBI 02 h , 08 h , and 20 h fields are not significantly worse, in terms of synchrotron emission, than the DASI field, but the 14 h field is near the north polar spur, and this does have a higher level of synchrotron foreground. The wide separation of the CBI fields provides some control on foregrounds since these are unlikely to be correlated over such large distances, so that if foreground contamination were a problem we would expect to see significant differences in the spectra of different fields.
Ground spillover
The largest systematic instrumental effect we have to eliminate is ground spillover. Although the ground radiation is unpolarized it enters the CBI feeds after reflection off the inner surface of the antenna shield cans, and therefore gives rise to a highly polarized contaminating signal. This signal is particularly strong on the shortest baselines at the lowest frequencies. In the 2000-2001 observations we observed pairs of fields separated by 8 min in right ascension, and we differenced the corresponding visibility data from the two fields in order to eliminate the ground signal. This strategy requires that the ground signal be stable over only 8 minutes of time, but the differencing of the two fields comes at a penalty of √ 2 in flux density sensitivity, equivalent to a factor of 2 in observing time. For the polarization observations reported here we adopted a more efficient but slightly less conservative strategy to eliminate the ground radiation. We observed sets of six fields separated by 3 min in right ascension at the same azimuths and elevations, spending 3 min on each field, so that if the ground emission is constant it should make equal contributions to all 6 fields. We projected out this common mode when estimating the power spectrum. This strategy requires that the ground be stable over the total scan duration of 18 minutes, but the penalty is only 6/5 in flux density sensitivity, equivalent to a factor of 1.2 in observing time.
Observing time The observations reported here were carried out between 22 September 2002 and 7 May 2004 with 7 antennas with polarizers set to L circular polarization, and 6 antennas with polarizers set to R. In this period we made useful CMB observations on 297 nights. The weather in 2003 and 2004 was considerably better than in previous years and only 10% of the time was lost due to weather problems. However problems with the CBI power plant resulted in significant loss of observing time. To avoid contamination by the sun and moon, observations were made only at night and at angles of greater than 60 • from the moon. About 10% of the nights were unusable around full moon. Ten per cent of the available observing time was used by Chilean guest astronomers for other projects.
Data calibration and editing. During the observations and initial data analysis, we inspected each night's observations to look for instrumental and other problems. For the final analysis, we used automatic procedures to remove data with known problems (warm or unstable receivers, for example) and with higher than normal noise levels. This last check eliminated ≈ 1% of the data that had been corrupted by clouds or instrumental problems.
Amplitude calibration. For the CBI, the amplitude and phase calibration of the co-polar visibility data (RR or LL) was carried out using the same procedures as for 2000-2001 (36) . The refinement of the CBI flux density scale using the WMAP observations of Jupiter has been described by (17) . The uncertainty in the revised scale is 1.3% in flux density (2.6% in the power spectrum, C l ). On most nights one or more of the primary calibration sources Tau A (the Crab Nebula), Jupiter, Saturn, and 3C274 was observed. All of these gave consistent results, except for 3C274: we found that the flux density of 3C274 declined by 7% over the period of these observations. The model for 3C274 was adjusted to take this secular variation into account before the final calibration of the data. The majority of CBI data are calibrated using measurements of Tau A and Jupiter, as in (17) . When none of the primary calibration sources was available we used secondary calibration sources, such as the variable quasar J1924−293, for which we obtained flux densities by interpolating from adjacent days calibrated against the primary calibrators.
Polarization calibration. From the calibration measurements on the co-polar baselines we obtain complex gain factors for each antenna. These gain factors are sufficient to calibrate the cross-polarized baselines (LR and RL) except for an unknown phase difference between the R antennas and the L antennas, equivalent to an unknown rotation of the plane of linear polarization (33, 34) . We determine the unknown L − R phase difference by observations of a strong, polarized calibration source, Tau A, for which we assume the polarization position angle (E-vector) is −27.6 • . This value was derived (41, 42) by comparison of CBI and NRAO Very Large Array (44) observations of 3C273 and 3C279, both of which vary but are observed regularly with the CBI at 26-36 GHz and the VLA at frequencies straddling the CBI band (22 GHz and 44 GHz) (45). It is close to the angle measured with other instruments at lower frequencies.
The L − R phase difference is very stable unless receivers or cables are modified, so on nights when no measurement of Tau A was available we used the average of all the Tau A measurements.
Leakage measurement
We measured the instrumental polarization leakage factors on each night when either Tau A or Jupiter could be observed. These observations were made at a number of different parallactic angles, by rotating the CBI platform, to enable the source and instrumental polarization to be separated. The instrumental leakage was found to be in the range 1%-3% on most baseline-channels, with a few baseline-channels showing leakages as high as 5%. We determined that leakage did not vary significantly across the field of view by making observations of Tau A at a number of offset positions. This low level of instrumental polarization and our strategy of rotating the deck so that many antenna pairs contribute to the same (u, v) point ensures that any instrumental polarization in our final data set is negligible. We have therefore ignored the instrumental polarization in the present analysis. In a subsequent more detailed analysis we will apply a correction for the small instrumental effects when estimating the CMB power spectra. For a discussion of instrumental polarization in the context of CMB polarization interferometry, see (34) .
Noise calculation. In order to ensure that the ground contamination was identical in each of a set of six pointings, we deleted all visibility samples that did not have counterparts observed at the same hour angle (within the tolerance of the integration time, 4.2 s) in all of the six fields. After selecting matched data points in this way, we calculated the noise from the scatter of the visibility measurements. As an error in the noise estimate will bias the final power spectrum estimate, it is important to obtain an accurate estimate of the noise in the data. In one scan, comprising observations of 6 fields, we record m = 1, . . . , M (M varies, but is usually about 37) data points (complex visibilities) for each of n = 1, . . . , N fields (N = 6) . The observed visibility V nm is related to the true visibility X n and the ground contribution g m by
where r nm is the noise in the measurement. Note that X n is the same for all m (we do not change the baseline length or orientation relative to the sky during the scan), and g m is the same for all n (the ground contribution is assumed to be the same in each field, i.e., constant for the duration of the scan at a given elevation and azimuth). An estimator for the noise variance is
where Ψ nm is derived from V nm by subtracting the mean of the N measurements from all N obtained at each time m, and the mean of the M measurements from all M obtained on each field n. Our best estimator is the average of the two estimates obtained by treating the real and imaginary parts of the visibility separately. Note that we obtain a single noise estimate for each baseline-channel that applies to a whole 18 min scan. The variance of the estimator is
This is small enough that the noise bias discussed by Mason et al. (36) is not a concern in the present observations. Scans with rms noise more than three times that expected for normal system temperatures were deleted; in most cases the high noise was due to clouds.
Images Following the editing and calibration of the data we made images of the four fields and of all the calibration sources in order to check for possible anomalies. The details of making images with the CBI have been discussed in (37) . As an example, images of the 14 h field, made without any subtraction of ground spillover or foreground sources, are shown in Figure 4 . In the I images of each of the four fields it can be seen that there is significant power well above the level of the noise. This is due to both CMB emission and ground spillover. In the Q and U images the signal from the CMB is too weak to identify, and these images are dominated by the regular pattern due to ground spillover. The level of the ground spillover in the Q and U images makes it clear that there is significant ground contamination in the I images as well, although it is somewhat weaker than the CMB signal. When we estimate power spectra, the ground spillover is removed from the data by projecting out the common mode in the six matched pointings, so the visibility data set comprising the images of Figure 4 is the data which we use in the actual CMB spectrum determination. But in order to check our procedures we have also made differenced images from the differences of visibilities measured in pointings separated by 9 min in right ascension; these images should be free of ground contamination. The results for the 14 h field are shown in Figure 5 . The total intensity I image shows power well in excess of the noise level, whereas the Q and U images show only noise, the sensitivities per resolution element being too low to reveal the polarization of the CMB. These images also show that leakage of total intensity into the polarization data is small compared to the noise.
Power spectrum estimation
The principles of estimating polarization power spectra from interferometer visibility measurements are described by (25) . To process the new CBI data, we have extended the gridding-based procedure used in our earlier work (38) to deal with mosaicked polarization observations. A given correlator output sample, or visibility, can be one of the four polarization products RR, RL, LR, or LL. These can be related to the fundamental CMB polarization modes T (temperature), E, and B (polarization) through the expressions given in Equations 3 and 4 of (25). The resulting power spectra are decomposed into the six possible covariances T T , EE, BB, T E, T B, and EB. Note that because the CBI measures circular polarization products, which are orientation independent (depending only on the definition of handedness of the wave polarization), the CBI (or any interferometer using circularly polarized receptors) is sensitive to the E and B modes directly. This greatly simplifies the power spectrum analysis (46). The maximum likelihood estimation of the spectrum from the gridded estimators is done on the CITA McKenzie cluster (47) which consists of 256 nodes with two 2.4 GHz Intel Xeon processors and 1 GB of memory per node. The matrix operations are done using the SCALAPACK library (48) . From an initial guess of the spectrum, we iterate to the maximum likelihood solution using the Newton-Raphson method. One modification to the procedure used in (49) provides a significant improvement. Rather than use the standard approximation to the curvature, which requires of order the number of bins in the spectrum n 3 matrix operations, we use an approximate curvature that requires only a single matrix inversion (50) . Using 32 nodes per mosaic, with 10 4 estimators per mosaic, this decreases the time per iteration from about an hour to one minute. The total time for the spectrum to converge, once the estimators and correlations are read into memory, is about 10 minutes, and is virtually independent of the number of bins in the spectrum.
Eliminating foreground point sources
The principal foreground contamination in total intensity for the CBI is extragalactic radio sources (36) . For the total intensity spectrum, in which discrete sources have signficant impact, our approach is similar to that employed in earlier CBI analysis (17, 36, 37) and described in (38) , with minor modifications. Some 3727 NVSS (51) sources with S 1.4 GHz ≥ 3.4 mJy were projected out of the data. In previous work we used separate covariance matrices with different projection factors for sources that were detected at 32 GHz using the OVRO 40-meter telescope and for those that were not. Since in the end there was no significant gain from this approach, in the present analysis we combined all sources into a single covariance matrix with a single projection factor. For this analysis we assume a uniform variance of 1 Jy 2 for each source. We find that this yields matrices that are numerically more stable under the action of our procedure of completely projecting the source modes out of the data. After a number of tests, we adopted a value of q src = 100 for the pre-factor (equivalent to setting the variance on each source flux density to 100 Jy 2 ).
However, as non-thermal extragalactic radio sources are weakly polarized (P ≤ 10%) and furthermore only a small fraction of them have P > 2%, only a few of the sources that we projected out in the total intensity spectrum can affect the polarization spectrum. When estimating EE and BB we have therefore projected out only a subset of the NVSS sources with S 1.4 > 3.4 mJy. In total 556 of these potentially troublesome point sources need to be considered. These include (a) NVSS sources with > 3σ detections of polarized flux density at 1.4 GHz, and (b) sources detected by the 30 GHz OVRO survey of the 2000-2001 CBI total intensity fields (17) .
The projection of 556 sources out of the CBI data has a very small effect on the EE power spectrum: in all bins the effect is 1σ. In the first two bins, where the polarization detection is strongest, the effect is less than 3 µK 2 for each bin. Both with and without projection the BB power spectrum is consistent with zero, and the EE spectrum changes very little. Therefore the sources that we have identified as potentially troublesome (with the criteria described above) have a negligible effect. If we have failed to identify some sources (highly polarized sources just below the NVSS detection limit, for instance), they should add a characteristic l(l + 1)C l ∝ l 2 contribution to both EE and BB power spectra, and show up more strongly in the lower frequency channels. No such signature is evident in the CBI data. We have also studied the effects of sources using Monte Carlo simulations. To do so we used the NVSS source statistics to characterize the fractional linear polarization of sources, finding a mean 1.4 GHz polarization of 2.7%. Most sources had polarizations less than this; 4% had polarizations greater than 10%, and 1% had polarizations greater than 15%. Since the fractional polarization of CMB anisotropies is observed to be ∼ 10%, it is clear that the discrete source foreground will be relatively weaker in polarization than in total intensity. In the EE power spectrum analysis of the simulated data, we find that the first two bins change by less than 4 µK 2 when the source projection is turned on, similar to what is seen in the real CBI data.
Eliminating ground contamination
The common-mode signal from the ground was removed by constructing a scan covariance matrix assuming unity correlation between identical visibilities coming from the same scan (e.g., for the six visibilities taken in the consecutive 3 minute integrations that comprise a scan), then passed through the gridding operation. The modes defined by this scan covariance matrix were projected out of the data (49) by applying a large prefactor to this matrix in the likelihood maximization procedure (essentially setting the variance of these modes to be infinite), in the same manner as for the point sources. We used simulated data to determine the best value of the prefactor, and found that too small a value did not completely eliminate the ground spillover, while too large a value caused numerical problems. Because there are a large number of sources in the list used for the T T projection, there is an interaction between the source and scan projection matrices q src C src and q scan C scan when the pre-factors q src and q scan become large. We explored a range of values for these, and found that for the value of q src = 100 a value q scan = 100 was in the center of the range for which the T T bandpowers were stable (there was no significant change in T T amplitude from q scan = 10 to q scan = 100). Similar tests on the real data also showed that the ground signal was eliminated while the bandpowers remained stable.
Polarization power spectra
The CBI measurements of the T T , EE, T E and BB power spectra from 2002-2004 are presented in Table 1 and shown in Figure 6 . The data for all 10 frequency channels and all the observed fields have been combined in the maximum likelihood estimation procedure. The scan means (for ground contamination) and point sources have been projected out as described in the previous section. The figure also shows a fiducial model spectrum with which we will compare our results. This is the theoretical ΛCDM model using a power law for the primordial spectral index which best fits the first-year WMAP, 2000 CBI, and ACBAR CMB total-intensity data (the "WMAPext" data set (52)) (53). Our results are consistent with the predictions of this model. We have checked this by calculating χ 2 for a comparison of our measured band-powers and the band-powers predicted by the model, using the CBI window functions and the full band-to-band covariance (estimated from the Fisher matrix). The values of χ 2 (for seven degrees of freedom), with the probabilities of obtaining larger values under the null hypothesis in parentheses, are: for T T , 7.98 (prob = 0.33); for EE, 3.77 (prob = 0.80); for BB, 4.33 (prob = 0.74); for T E, 5.80 (prob = 0.56).
The T T spectrum shows the same features that we saw in the CBI 2000-2001 observations (17), the most prominent being the drop in power between the third and fourth acoustic peaks. As can be seen in Figure 13 of (17), the 2000-2001 data fit the fiducial model very well (the spectrum plotted in Figure 13 is actually the best fit to all of the data, but it differs only marginally from the one plotted here). The new T T spectrum from 2002-2004 appears to be slightly higher than the fiducial model, but the difference is not significant.
Both the EE and T E spectra are consistent with the predictions of the fiducial model. The EE spectrum shows clear detection of power at l < 800, the significance of which is discussed below. The T E spectrum, however, is not sufficiently sensitive to show a positive detection.
The BB spectrum is consistent with zero, as is expected. The 95% confidence upper limit on BB power (assuming flat band-power in a single l bin) is 7.1 µK 2 with source projection or 2.7 µK 2 without source projection. This low limit on a possible BB component at multipoles l < 1000 demonstrates that there is not significant ground or point source contamination at these multipoles and gives confidence in the reliability of the EE spectrum.
For the results presented in Figure 6 , we divided the l range into 7 bands as indicated in Table 1 , with most of the bins having width ∆l = 150. Using a finer binning is possible, but this is less satisfactory for presentation in a figure like Figure 6 which does not show the correlations between the bins. For the quantitative analysis below, we have used bins of width ∆l ≈ 75, offset by 75 in l from those in Table 1 , for which we get results in complete accord with the band-powers shown in Table 1 . In all of our analyses the bin-to-bin correlations were taken into account.
Basic cosmological parameters with polarization At present, the addition of polarization data to CMB T T data has little effect on the values and precision of cosmological parameter estimates, because of the weakness of the polarized signal relative to the total intensity signal. Rather, the significance of the measurement of EE lies in its ability to test a different aspect of the theory. It is nonetheless interesting to explore the effect of the new polarization results on cosmological parameter estimation and to check consistency. As sensitivities improve, future polarization data will have a bigger impact on parameters (54) . In this preliminary investigation, the first to include CMB EE polarization data, we explore a limited set of cosmological parameters that has been successful in describing all aspects of CMB data to date. The model is based on the simplest inflationary paradigm, characterized by the following basic set of six parameters: ω b ≡ Ω b h 2 , the physical density of baryons; ω c ≡ Ω c h 2 , the physical density of cold dark matter; θ ≡ 100l −1 s , parameterizing the angular scale l −1 s associated with sound crossing at decoupling, which defines the overall position of the peak-dip pattern; n s , the spectral index of the scalar perturbations; ln A s , the logarithm of the overall scalar perturbation amplitude; and τ c , the Thomson scattering depth to decoupling. We do not consider any gravity wave induced components as they are not of relevance to CBI. A more detailed analysis will be given elsewhere.
The strongest prior we impose is that we only consider flat models (Ω tot = 1), as expected in most inflation models. We note that the parameters we derive can change significantly when this prior is relaxed (17, 55, e.g.) . We also impose a "weak-h" prior comprising limitations on the Hubble parameter (45 km s −1 Mpc −1 < H 0 < 90 km s −1 Mpc −1 ) and on the age of the universe (t 0 > 10 Gyr). Within the context of flat models the weak-h prior influences the results very little. We do note, however that extreme models with very high Thomson depth are excluded by this prior.
In our analysis we consider three combinations of data; (i) "WMAP1 only" T T and T E results from the first year WMAP data (28) , using the likelihood procedure described in (56) Table 1 of (17)). This third combination extends the data well into the damping tail.
We use a modified version of the publicly available Markov Chain Monte Carlo (MCMC) package COSMOMC (57, 58) to evaluate probability distributions of the various parameters with respect to the CMB data. The method and its testing have been described in (17, 55) . An important development for this work is the extension to include polarization spectra and the cross correlation between T T and EE spectra (59) .
Our main results for the flat plus weak-h case are summarized in Table 2 . In addition to the six parameters defined above, we show six other derived parameters: Ω Λ the energy density in a cosmological constant in units of critical density, the total age of the universe in Gyr, the total energy density of matter Ω m , the present-day RMS mass fluctuation on 8 h −1 Mpc scales, σ 8 , redshift of reionization z re (related to τ c and Ω b ), and finally the Hubble parameter H 0 in units of km s −1 Mpc −1 . Ω Λ is a derived quantity determined from θ. σ 8 is an amplitude parameter related to ln A s and is of more relevance for comparing to large scale structure data. As expected the inclusion of our polarization results does not have a large impact for this limited parameter set. However when including the "CBIext" TT band powers we obtain significant reduction in the uncertainties, in close agreement with (17) .
Shaped fits and significance Our standard CMB power spectrum analysis (60) involves using a fiducial C l shape against which the band-powers are evaluated. The gridding procedure breaks the power spectrum into top-hat bands in l, and thus the (multiplicative) bandpowers q B effectively break the spec-trum into piecewise discontinous bands that nevertheless follow the shape C Bl = q B C l for l within each band B. The most conservative choice for a shape is the "flat" spectrum C l = 2π/l 2 , however one can use a "matched" shape derived from an actual CMB power spectrum and thus optimally check for deviations from that model. This also allows the use of wider l bands.
If we use the fiducial model fitted to the "WMAPext" dataset ( Figure 6 ) as our shape, and only project point sources from the T T sector, we find for the CBI data in a single l band a maximum likelihood value band-power for EE of q B = 1.22 ± 0.21 (68%) with respect to the WMAP-normalized spectrum, with a value for the log-likelihood with respect to zero of 39.8 (equivalent to an 8.9 σ detection, where σ = √ 2 ∆ log L). This can be compared with the detection of 6.3 σ reported for the DASI 3-year results (26) . Although there is no sign that the polarization of the foreground point sources is affecting our data, we can also adopt a conservative approach and project out the subset of the brightest sources, as measured with the OVRO 40m telescope at 31 GHz (36) and in the NVSS survey. In that case, the best-fit band-power q B = 1.18 ± 0.24 (68%) with log-likelihood with respect to zero of 24.3 (equivalent to 7.0 σ). This reduction in significance is due to the increase in uncertainties from the lost modes in this projection, i.e., the drop in band-powers is negligible, which again suggests that point sources are not a problem in the EE spectrum. Although we find no evidence for point sources affecting our EE spectrum, we adopt this more conservative value as our estimate of the significance of our detection.
The phase of the acoustic oscillations
The measurement of the phase of the polarization EE spectrum can, in principle, provide one of the fundamental pillars of the standard model since it tests a unique aspect of the acoustic waves in the photon-baryon fluid. The peak positions in T T are ∝ πl s j, while for EE polarization they are ∝ πl s (j + 1/2), with some corrections from projection effects. To test this, we devised phenomenological models in which the phase-relationship between T T and EE is changed. For these models, we first approximated the fiducial model EE spectrum as a function:
where f and g are smooth, non-oscillating functions (we used rational functions with quadratic numerator and denominator) and k is a constant. We then varied φ to get a range of phase-shifted spectra (Figure 7(a) ). To determine the goodness-of-fit of the phase-shifted models, we calculated χ 2 as a function of the phase φ and a scaling amplitude A, taking into account bin-to-bin correlations using the inverse Fisher matrix; the results are shown in Figure 7 (b). For this exercise we used the ∆l ≈ 75 binning of the CBI power spectrum. The best-fit phase is 24 • ± 33 • with amplitude 0.94 relative to the fiducial model. The fiducial model is well within the 1 σ (68%) confidence region (the difference in χ 2 between the fiducial model and the best-fit model is 0.64 for 2 d.o.f.). The actual data and the best fit model are shown in Figure 7 (c). This test shows that our data are entirely consistent with the model predictions, and that we can rule out (at ≈ 3 σ) a pathological model in which the EE oscillations are in phase with T T rather than out of phase.
An alternate, and more physically motivated, way to look at the phase of the peaks in EE is to use fits to the fiducial model spectrum of the form
This parameterizes the models in terms of two of the cosmological parameters discussed earlier, A s and θ. A s0 and θ 0 are the values of these parameters in the fiducial model (θ 0 = 1.046). Changing θ scales the whole function, including the envelope, rather than just the phase. We now examine the variation of χ 2 as these two parameters are changed, the other four cosmological parameters being fixed at their fiducial values. There is a minimum of χ 2 near the fiducial model, with θ/θ 0 = 1.02 ± 0.04 and A s /A s0 = 0.93. (A second minimum in which the third polarization peak is shifted and scaled to fit the second fiducial peak is incompatible with the T T data.) This test also shows that the EE data strongly prefer the fiducial model, and demonstrates that the EE data alone have the power to place constraints on cosmological parameters.
Tests for systematics
We have carried out a number of data quality tests to look for possible systematic contamination by foreground emission, residual ground emission, or other instrumental effects. We have found no evidence of significant residual instrumental or foreground effects after correcting for the point sources and projecting out the common ground spillover mode. Foreground emission is likely to have a significantly different spectrum from the CMB, and ground contamination is frequency-dependent because it depends strongly on the baseline length in wavelengths, and thus shows up most on the shortest baselines at the lowest frequency. To look for these effects we estimated power spectra separately from the data taken in the lower and upper halves of our frequency band, i.e., 26-31 and 31-36 GHz. The results are shown in Figure 8 . We have compared the two spectra using χ 2 (including the bin-to-bin correlations). For EE and BB the measurements are dominated by thermal noise (rather than sample variance) so the χ 2 results are valid. The results are: for EE, χ 2 = 8.43 (7 d .o.f.), and for BB, χ 2 = 8.30 (7 d.o.f.). The probability of obtaining a larger χ 2 by chance is 0.30 for EE and 0.31 for BB. The power spectra thus show no indication of strong contamination by foreground emission or residual ground emission. Note that for T T and T E the maximum likelihood error estimates include the effects of sample variance, and, as sample variance is correlated between the two frequency bands, a simple χ 2 test is not valid.
In addition to dividing the data into two frequency bands, we carried out "jackknife" tests in which we compared the following subsets of the data. None of these tests showed any significant differences between the data subsets. (1) We compared all subsets of three of the four fields. This would indicate whether any of the fields is anomalous and is a good test for foreground contamination. No significant differences were found, and in particular the 14 h field which has higher galactic synchroton emission than the others was not anomalous. (2) We compared all subsets of 12 of the 13 antennas. This would show up problems associated with particular antennas or receivers. (3) We compared the T T spectra derived from the R and L antennas separately, to check for calibration discrepancies. (4) We compared spectra estimated from the first and second halves of the data set, to check for effects based on season, distance from the primary calibrator, and other time-dependent parameters.
The DASI results increase our confidence that diffuse synchrotron emission is not a significant contaminant in our EE spectrum. The fields that we have observed appear to be no worse than the DASI fields (Figure 2) , and the DASI 95% confidence upper bound of 0.91 µK 2 on EE contamination should also apply to the CBI observations, which were made at higher l where the contribution of synchrotron emission is expected to be lower.
Conclusions
Our EE results are shown in comparison with the recent results from DASI and CAPMAP in Figure 9 . We have detected the polarized CMB (EE) emission with high confidence (8.9 σ when foreground sources are ignored, 7.0 σ when potentially contaminating sources are projected out), and we have also measured the phase of the EE spectrum and shown that it is consistent with a phase-shift of π relative to the T T , as expected if acoustic waves are the origin of the features in the T T and EE spectra on the scales of clusters of galaxies. The results from the CBI and DASI experiments are a powerful confirmation of the predictions of the standard model. It is clear that the next generation of CMB polarization experiments, which will have the sensitivity to detect EE at higher l, probe for foregrounds, and perhaps detect BB, will continue to improve the precision of cosmology.
The CBI continues to observe the polarized CMB emission, and we expect by the end of 2005 to have more than doubled the data set, leading to over a factor two decrease in the uncertainties of C l .
45. The VLA measurements are available at http://www.vla.nrao.edu/astro/calib/polar/.
46. The co-polar RR and LL visibilities are gridded together into an effective RR estimator ( LL and RR are identical in the absence of circular polarization) as in (38) , while the cross-polar RL and LR visibilities are gridded together, after conjugating and reflecting the LR visibilities in the uv-plane, into cross-polar estimators ∆ RL using the same gridding kernel as the co-polar data. The covariance matrix elements are computed for the cross-polar estimators using a modified operator P RL (v) = P(v) e i 2 (χ−ψ) where P is defined in Equation 12 of (38), ψ the on-sky parallactic angle of the CBI receivers (Equation 2 of (34)) and χ the wave-vector angle corresponding to the uv point v (Equation 3 of (25)). The bandpowers derived from the likelihood analysis are then {q S B , B = 1, . . . , N S B }; the different covariance products S = T T, EE, BB, T E, T B, EB can have different number and location of bands. Point sources are handled in the same manner as in (38) , with the option of projecting the sources from the RL and LR parts of the covariance. The new scanning procedure required the addition of a scan projection matrix C scan constructed by building a "noiselike" matrix as in Equations 32 and 35 of (38), with the covariance elements E kk = 1 if Table 2 : Cosmological Constraints from the "WMAP1 only", "CBI pol + WMAP1", and "CBI pol + CBIext + WMAP1" data compilations for an assumed Ω tot = 1.0. Relaxation of this constraint opens up the tight uncertainties on H 0 and Ω m . We included weak external priors on the Hubble parameter (45 km s −1 Mpc −1 < H 0 < 90 km s −1 Mpc −1 ) and the age of the universe (t 0 > 10 Gyr). The flatness prior has the strongest effect on the parameters by breaking the geometrical degeneracy and allowing us to derive tight constraints on H 0 and Ω m . The top six parameters are those used in the Markov chain evaluations and the distributions of the bottom six are derived from the same chains. The uncertainties are given as 68% confidence intervals.
WMAP1 CBIpol+WMAP1 CBIpol+CBIext+WMAP1
Ω b h 2 0.0243 Images of the 14 h field mapped by the CBI in Stokes parameters I, Q, and U (Stokes V , circular polarization, is not measured and is assumed to be zero). Color is used to represent intensity, with the same scale in each Stokes parameter. In these images the contaminating effects of ground radiation and foreground emission have not been removed. The total intensity, I, image (left) is dominated by CMB emission (modulated by the instrumental point-spread function); some foreground point sources are visible (red spots). The linear polarization, Q and U , images (center and right) are dominated by instrumental noise and ground pickup. Ground pickup, which with our observing strategy should be the same in each pointing at the same declination, gives rise to a pattern that repeats at intervals of 3 min in right ascension. Figure 4 have been differenced: each visibility measurement has had the corresponding measurement on a field 9 min later in right ascension subtracted. As the ground pickup is very similar for both measurements, ground emission cancels out in the difference. In the resulting images foreground point sources may appear positive or negative in I depending on their right ascension. The Q and U images show that ground pickup has been removed with high accuracy. Figure 6 : Power spectra of CMB polarization from the CBI measurements. The four panels show total intensity power spectrum T T , grad polarization mode power spectrum EE, curl polarization mode power spectrum BB, and cross-spectrum T E. Numerical values are given in Table 1 . The black curve is the theoretical ΛCDM model using a power law for the primordial spectral index which best fits the WMAP, CBI, and ACBAR CMB data (53). The predictions of this model for the CBI bands using the CBI window functions are indicated by the stars. Figure 8 : CBI polarization power spectra obtained from low-and high-frequency channels. Red points: 26-31 GHz; blue points: 31-36 GHz. The points have been offset horizontally in l for clarity. The four panels show total intensity power spectrum T T , curl-free polarization mode power spectrum EE, curl polarization mode power spectrum BB, and cross-spectrum T E. The fiducial model curve is the same as in Figure 6 . Comparison of EE measurements from CBI, DASI (26) , and CAPMAP (27) . The fiducial model curve is the same as in Figure 6 . The asterisks show the predictions of the fiducial model for the CBI bands.
